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ABSTRACT: Toward the improvement of the application of
heterogeneous electro-Fenton in water treatment, we report a new
strategy of enhancing the immobilization of a magnetite nano-
particle catalyst on a carbon felt cathode. Exploiting the intrinsic
ferrimagnetic properties of magnetite nanoparticles, magnet bars
were used to attach the magnetite into the void spaces of the
porous carbon felt (CF) cathode. The magnetite nanoparticles
were prepared by coprecipitation with variations in the molar
ratios of Fe2+/Fe3+. The magnetite was characterized, attached
onto the CF electrode with magnetic bars, and used in the
heterogeneous electro-Fenton (EF) degradation of aspirin. The
effects of the following on the degradation were studied: Fe2+/Fe3+,
pH, catalyst loading concentration, and voltage. The heteroge-
neous EF degradation of aspirin in wastewater improved by 23% when magnetic bars were used to enhance the immobilization of
the magnetite catalysts. The 1:4 Fe2+/Fe3+ ratio resulted in the highest hetero-EF catalytic degradation of aspirin with complete
degradation (100%) achieved after 140 min. For a mixture of pharmaceuticals, degradation percentages of 94.3% (aspirin), 88%
(ciprofloxacin), and 80% (paracetamol) in 3 h were obtained. The magnetized magnetite on the cathode was reusable for 10 cycles.
Thus, the use of magnets shows a promising strategy to avoid the leaching of ferrimagnetic nanoparticle catalysts embedded in the
cathode for heterogeneous EF processes.

1. INTRODUCTION

Electro-Fenton (EF) oxidation of persistent organic pollutants
(POPs) in water has gained much attention as an emerging
electrochemical advanced oxidation process due to its
advantages such as cost effectiveness, environmental friend-
liness, use of simple materials, and higher effectiveness in POP
removal. Like all other advanced oxidation processes (AOPs),
EF oxidation relies on the production of hydroxyl radicals,
which in turn attack and oxidize organic contaminants in water
via a chain radical reaction. The hydroxyl radical is very strong
oxidant species (only second to fluorine in oxidation potential
(E0 = 2.73 V)),1 which indiscriminately attacks organics in
wastewater with the potential for complete degradation or
mineralization to H2O, CO2, and inorganic ions.
Heterogeneous EF has gained preferential attention over

homogeneous electro-Fenton reaction based on the following
reasons: First, research has shown that heterogeneous EF can
occur at a wider pH range than homogeneous EF, which
operates within a narrow pH between 2.5 and 3.0 depending
on the nature of the analyte degraded.1,2 A wider pH
application makes heterogeneous EF applicable in wider
industrial applications where the polluted water can have a
large variation in pH and where pH adjustment is not

practicable. Second, catalyst recyclization and reusability are
possible in heterogeneous EF, reducing catalyst costs.3,4 Third,
there is no accumulation of iron sludge, formed in
homogeneous EF, which results in the depletion of the
catalyst, thereby robbing the system of its oxidative potential
toward unwanted pollutants.2 The formation of iron sludge
poses the challenge of disposal, environmental safety, and
cost.1,5,6

Pharmaceutical wastes are among the emerging environ-
mental contaminants that pose health risks to humans due to
their toxicity and recalcitrant nature to treatment especially by
traditional water treatment methods. Thus, quests for
successful mitigation processes to achieve the complete
remediation of this emerging class of pollutants from the
environment and water have resorted to AOPs of which EF is a
subset.7−14 EF has recently been applied in the removal of
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various pharmaceuticals and bacteria in effluent water in
Colombia by Martińez and co-authors.15 More similar work in
the degradation of pharmaceuticals in wastewater was reported
by Emeji and colleagues16 in the removal of antiretroviral
drugs, while Wang and co-authors used EF in separate work for
the removal of ciprofloxacin and an antibiotic (cefoperazone),
respectively.17,18

The advantages of heterogeneous EF have motivated
research into various ways to improve the process. Some
areas of interest include enhancing the production of hydrogen
peroxide or hydroxyl radicals,19,20 coupling of EF with other
methods,21,22 the type of iron source (nanoparticles),23,24

catalyst loading, and the type of electrode used.25−28 Toward
enhancing hydrogen peroxide production, the use of electro-
catalysts such as fluorine-modified carbon nanotubes for the
electrochemical reduction oxygen has been reported.21 Choice
of electrodes, especially the cathode, is of interest because it
can be used as a support for the iron catalyst. If the iron
catalyst is in the nanoparticle form, its immobilization on the
cathode can have a dual effect in that it averts the aggregation
or agglomeration of the nanoparticles by acting as a support or
stabilizer for even distribution. In addition to this, the cathode
support can function as a redox center where reduction and
regeneration of the catalyst occur.3,29−31 The use of the
cathode for catalyst immobilization thus demands careful
optimization to maximize the interaction of the nanoparticles
with the cathodic template without compromising the
conductivity, porosity, and stability of the cathode. Equally
important in the bid to improve heterogeneous EF is the
recent investigations into the use of transition metal sulfide
cocatalysts, taking advantage of the unstable metal sulfide
bond, which readily releases the metal cations in solution for
cocatalysis.32,33

One major challenge in the use of cathodes as the support
for catalyst loading or immobilization is the leaching of the
catalyst into the solution.1,23,34−36 Leaching reduces the
amount of catalyst available for the Fenton reaction and drives
the process toward homogeneous EF,37,38 which comes with
the challenges highlighted earlier. There is also the possibility
of passivation of the catalyst active site, and this reduces the
catalytic efficiency of the nanoparticle. To sustain heteroge-
neous EF reaction, the problem of leaching should be
mitigated by improving the interaction between the nano-
particle catalyst and the cathode material. Improved immobi-
lization of the nanoparticle catalyst on the cathode is vital since
the reaction progress heavily depends on efficient contact of
the generated H2O2 with the catalyst for the surface reduction
of ferric ions to ferrous ions (the needed EF active form). The
cycle continues since ferrous ions are oxidized back to ferric
ions by the Fenton reaction. The versatility of the
interconversion between the Fe2+/Fe3+ couple at all times
plays a significant role in ensuring the optimal “equilibrium”
concentrations of these ions to favor the production of
hydroxyl radicals.
In this work, we investigated a novel approach to enhance

the immobilization of magnetite nanoparticles on a carbon felt
cathode in heterogeneous EF degradation of aspirin in
wastewater. Taking advantage of the ferromagnetic properties
of magnetite nanoparticles, we applied magnets to attract and
hold the synthesized magnetite nanoparticles onto the cathode,
resulting in improved immobilization and ultimately improved
EF degradation of aspirin.

2. EXPERIMENTAL SECTION

2.1. Chemicals, Materials, and Characterization. All
reagents used were of reagent grade and were used without

Scheme 1. Heterogeneous Electro-Fenton (HEF) Setup for Magnet-Enhanced Immobilization of Magnetite Nanoparticles on
the Carbon Felt (CF) Cathode
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further purification. All solutions were made using high-purity
water obtained from a Millipore Milli-Q system with resistivity
>18 MΩ cm at room temperature (23 ± 2 °C). Iron(II) sulfate
heptahydrate, aspirin, paracetamol, and ciprofloxacin were all
purchased from Sigma Aldrich (South Africa). Sodium sulfate
anhydrous was purchased from Rochelle Chemicals (South
Africa), while ferric chloride hexahydrate (FeCl3·6H2O) was
obtained from Associated Chemical Enterprise. A carbon felt
(from Carbone-Lorraine) and Ti4O7 (thin film deposited on Ti
alloy from Saint-Gobain CREE) were purchased from France.
Fourier-transform infrared spectroscopy (FTIR) was con-

ducted with a Bruker (South Africa) Alpha Sample Compart-
ment RT-DLaTGS HR 0.8. UV−vis spectroscopic measure-
ments were performed with a Cary 60 from Agilent
Technologies. The crystallinity of the synthesized nano-
particles was determined using an X-ray diffractometer (Rigaku
Ultima IV, Japan) using Cu Ka radiation (k1/4 0.15406) with
K-beta filter at 30 mA and 40 kV. Surface morphological
studies were carried out using a TESCAN Vega 3(Czech
Republic) scanning electron microscope coupled with an
energy-dispersive X-ray spectrometer.
2.2. Preparation of the Magnetite (Fe3O4) Nano-

particle. Magnetite was synthesized following the coprecipi-
tation method described by Nidheesh and colleagues.39 In
brief, the coprecipitation method from the reaction of ferric/
ferrous ions and OH− anions in aqueous conditions was used.
Molar ratios of Fe2+/Fe3+ were varied in a total iron
concentration of 0.075 M in 100 mL. Ferric and ferrous salts
were dissolved separately in 50 mL volumes and stirred gently
for 10 min to ensure maximum homogeneity. A brown
solution was obtained with pH ≈ 2.0. To this solution was
added between 8−10 mL of 8.0 M NaOH dropwise while
stirring. The solution immediately turned black upon addition
of the NaOH drop due to the formation of magnetite
suspension. A pH of ≈ 13.45 was observed after complete
addition of NaOH, confirming complete Fe3O4 formation.
This was followed by dialysis in excess deionized water
(dH2O) using a dialysis tube to get rid of the counter ions.
Filtration of the nanoparticle suspension was done, and the
obtained crystals were oven-dried at 75 °C for 24 h, ground to
powder using a mortar and pestle, and stored in a closed
container ready for further applications. Magnetite (Fe3O4)
was prepared from eight different Fe2+/Fe3+ ratios, namely, 1:1,
1:2, 1:3, 1:4, 1:6, 2:1, 3:1, and 4:1 and tested in heterogeneous
EF removal of aspirin in water.
2.3. Electro-Fenton Cell Setup and Degradation. The

schematic of the setup is presented in Scheme 1. A 600 mL
beaker was used as an undivided cell for all the reactions
reported herein. The anode made of stoichiometric titanium
oxide, that is, Ti4O7 coated on a 6 cm × 4 cm titanium metal,
was placed at the center of the cell in all the reactions. The
carbon felt cathode of 23 cm × 12 cm × 0.5 cm was placed
right round the interior perimeter of the cell surrounding the
anode at the center with an inter electrode distance of 1 cm.
Rectangular magnet bars (5 cm × 2.2 cm × 0.8 cm) were
connected touching each other (north pole to south pole) and
fixed using rubber bands around the outside of the beaker to
exert a magnetic attraction with magnetite nanoparticles
immobilized on the CF cathode of dimensions 23 cm × 12
cm × 0.5 cm. An optimized potential difference of 8.0 V was
applied in all reactions. The immobilization of the catalyst on
the CF was as follows: The catalyst was dispersed in an
aqueous solution and poured into the reaction vessel with

stirring. Once the magnet was fitted, the dispersed catalyst
nanoparticles were all attracted onto the CF as pulled by the
magnet and thus evenly distributed on the surface of the CF
cathode. The decrease in the absorbance of each of the
pharmaceutical at their λmax from UV spectroscopic measure-
ments was used to calculate the percentage degradation.

2.4. Electro-Fenton Experiments. For all reactions, 250
mL of 10 mg/L aspirin solution was used with a supporting
electrolyte of 0.05 M Na2SO4. Similarly, 15 mg/L of magnetite
nanoparticle catalyst was used in all reactions. Hydrogen
peroxide was electro-generated in situ from the reduction of O2
at the cathode under an optimized acidic pH of 3.5. Availability
of dissolved oxygen for this cause was ensured by pumping in
air using an air sparging pump at a rate of 1 L per minute,
starting 10 min before the beginning of the degradation
process.

3. RESULTS AND DISCUSSION

3.1. Characterization Results. 3.1.1. FTIR Results. The
characteristic FTIR functional groups for magnetite (prepared
from different Fe2+/Fe3+ ratios) are observed in Figure 1a.
Prominent peaks were produced by the Fe−O stretch at
around 588 cm−1, a shoulder peak that is more prominent at
higher Fe2+ concentrations, giving an indication that ferrous

Figure 1. (a) FTIR and (b) XRD results for the magnetite
nanoparticles synthesized with different Fe2+/Fe3+ ratios of 1:1
(blue), 1:2 (red), and 1:4 (black).
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ions produce more stable Fe−O bonds in the lattice structure.
In the same vein, Fe3O4 formation is confirmed by the peaks at
1631 and 588 cm−1, both of which are prominent at higher
Fe2+/Fe3+ ratios, in agreement with the literature.39 A
prominent peak for the O−H is assigned to 3419 cm−1, giving
a clue of the presence of absorbed water by the nanoparticles.39

The same authors suggested that the O−H peak may be due to
the presence of iron hydroxyl functional groups in the form of
Fe(OH)2, Fe(OH)3, or FeO(OH) formed during the dialysis
stage of purifying the nanoparticles. The assumption for the
presence of absorbed water is further supported by the peak at
1635 cm−1, which can be assigned to the O−H stretches in
water.24 The FTIR spectra from the prepared magnetite of all
Fe2+/Fe3+ ratios are similar (Figure S1a,b).
3.1.2. XRD Analysis. The XRD 2θ characteristic peaks

(Figure 1b) at 30.2, 35.5 (highest intensity), 43.2, 57.1, and
62.7° confirm the successful synthesis of magnetite nano-
particles for all the Fe2+/Fe3+ ratios.40,41 The ratio of Fe2+/Fe3+

seems to affect the crystallinity of the magnetite. As seen in
Figure 1b, the diffractogram of Fe2+/Fe3+ 1:4 is more
crystalline than that of Fe2+/Fe3+ 1:1 owing to increase in
the Fe3+ content. Nidheesh et al. reported that the crystalline
nature of the synthesized magnetite nanoparticles increases
with the increasing Fe3+ concentration.39 There is a difference
in the XRD spectra of the synthesized nanoparticles at peak
30.2° where the peak becomes more prominent with the
increasing ferric ion concentration from 1:1, 1:2, to 1:4. The
appearance of this peak at 30.2° is a suggestion for the
presence of maghemite (γ−Fe2O3) in addition to magnetite
nanoparticles. According to the literature, synthetic magnetite
nanoparticles exist as a mixture of maghemite and magnetite if
synthesized from Fe3+/Fe2+ > 1.5 but exist in pure form at
Fe3+/Fe2+ < 1.5, with different magnetic properties.42−44 This
supposition is confirmed by the fact that pure maghemite has
an XRD 2θ peak at ±30° according to the literature.45,46 The

XRD findings such suggest that the ratio of Fe2+/Fe3+ affects
the structural properties of magnetite.

3.1.3. SEM Analysis. The SEM images of magnetite
synthesized from different ratios of Fe2+/Fe3+ are presented
in Figure 2a−c. Clusters of agglomerated nanoparticles are
seen clearly. The SEM images of all the ratios are also similar.
The CF shows well-distributed fibers intertwined leaving a
dense network of pores of different sizes available for the
nanoparticles to occupy. A comparison of Figure 2d (the CF
network) and Figure 2e (CF and magnetite nanoparticle)
shows successful immobilization of the magnetite nanoparticle
within the network of the CF.

3.2. Electro-Fenton Degradation of Pharmaceuticals.
3.2.1. Fe2+/Fe3+ Ratio Optimization in the Magnetite
Catalyst. To investigate the optimal ratio of Fe2+/Fe3+ for
the degradation of aspirin in water by heterogeneous EF using
magnetite nanoparticles, we probed magnetite nanoparticles
synthesized from eight different ratios, namely, 1:1, 1:2, 1:3,
1:4, 1:6, 2:1, 3:1, and 4:1 with results presented in Figure 3a.
Indeed, the theoretical ratio of Fe(II)/Fe(III) in magnetite is
1:2. However, some reports have shown that this ratio may
vary owing to the aerobic aerial oxidation of surface Fe(II) to
Fe(III), resulting in more Fe(III) ions at the expense of Fe(II)
ions.42,43 These variations in the ratio of Fe(II)/Fe(III) have
been observed to affect (i) crystallization, (ii) saturation
magnetization, and (iii) purity of magnetite. In a paper
reported by Jiang and co-authors,42 it is stated that at Fe(III)/
Fe(II) > 1.5, there is a mixture of magnetite (Fe3O4) and
maghemite (y-Fe2O3); and at Fe(III)/Fe(II) < 1.5, there is
pure magnetite.
The effect of the Fe(II)/Fe(III) ratio on magnetite as shown

by these authors39,42−44 motivated us to investigate the
catalytic performance of magnetite prepared from different
ratios. Our hypothesis (that magnetite performance may vary
from the synthetic composition of Fe(II)/Fe(III)) was
supported by the observed variation in the catalytic response

Figure 2. SEM images of magnetite nanoparticles (a−c) made from Fe2+/Fe3+ = (a) (1:1), (b) (1:2), and (c) 1:4, (d) carbon felt (CF), and (e)
magnetite-immobilized CF.
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of the magnetites prepared from different Fe(II)/Fe(III) in our
report (Figure 2). This variation supports some of the findings
that the ratio of Fe(II)/Fe(III) in magnetite may deviate from
the theoretical value of Fe(II)/Fe(III) 1:2. This also suggests
that the properties of magnetite are influenced by the Fe(II)/
Fe(III) ratio in synthesis.
Magnetite synthesized from the ratio of 1:4 (Fe2+/Fe3+)

resulted in the highest hetero-EF catalytic degradation of
aspirin. Complete degradation, i.e., 100% degradation, was
achieved at this ratio after 140 min. An ideal Fenton catalyst is
the one that provides and maintains appropriate amounts of
both Fe2+ and Fe3+ ions throughout the reaction. Since
magnetite synthesized with an Fe2+/Fe3+ ratio of 1:4 in
magnetite gave the best performance, we therefore suggest that
it provides the best Fe2+/Fe3+ amounts with the most suitable
crystallization and magnetic properties required for maximum
catalysis and interaction with magnets for optimum immobi-
lization on the CF cathode. The interconversion of Fe2+/Fe3+

and vice versa (shown in eqs 1 and 2) during the Fenton
reaction plays a significant role in maintaining the optimum
concentrations of these ions.

Fe H O Fe OH OH2
2 2

3+ → + · ++ + −
(1)

Fe H O Fe O H H3
2 2

2
2+ → + · ++ + +

(2)

The optimum Fe2+/Fe3+ ratio in magnetite however varies as
a function of the specific analyte degraded and the reaction
conditions employed. For example, Nidheesh et al.39 reported
the ratio of 2:1 as the best for the degradation of rhodamine
dye, and Xu and Wang34 utilized a 1:2 ratio for the removal of
4-chlorophenol in water, while Lei et al.2 used a 1:1 ratio in the
degradation of phenol.

3.2.2. Effects of Catalyst Concentration. Four different
catalyst loading values of 5, 10, 15, and 20 mg/L of the 1:4
ratio were investigated, and 15 mg/L gave the best degradation
performance. Thus, this concentration was used for further
degradation (Figure 3b). Catalyst performance increased
linearly with the catalytic concentration from 5 to 15 mg/L
above which a decline in performance is observed. At a lower
catalyst loading, there is not enough Fe2+ to catalyze the
decomposition of H2O2 to generate sufficient radicals for the
degradation of the aspirin analyte. On the other hand, the
decline in catalytic performance at 20 mg/L catalyst
concentration can be due to the increase in the rate of
scavenger reactions that deplete the system of the much-
needed hydroxyl radicals and the iron catalyst in the form of
both ferric and ferrous ions. Reactions 3 and 4 are typical
examples of these unwanted scavenger reactions. It is
important to note that the immobilized catalyst concentration
is too small and negligible to cause any significant passivation
on the cathode’s reduction power owing to the fact that CF has
a large surface area.

Fe H O FeOOH H3
2 2

2+ → ++ + +
(3)

Fe OH Fe OH2 3+ · → ++ + − (4)

3.2.3. Effects of pH. One of the notable advantages of
heterogeneous EF is in its flexibility to occur over a wider pH
range unlike the homogeneous counterpart, which is limited to
a narrow pH range between 2.5 and 3.0. This pH robustness
extends the use of heterogeneous EF in real wastewater
treatment applications. The effect of pH (2−12) on the EF
degradation of aspirin was studied. More than 80% aspirin
removal was recorded in all cases, proving that the reaction
efficiency is less dependent on a specific pH as shown in Figure
4 (see more pH points in Figure S3). The highest removal
efficiency occurred at pH 3.5, and this pH was thus chosen as
the optimum pH for subsequent runs.
Initial pH is a very important parameter for the EF reaction,

as it plays a crucial role in maintaining the Fe2+/Fe3+ and H2O2
redox reactions by affecting the solubility of the iron oxide
nanoparticles (leaching). Furthermore, pH studies have shown
that catalyst leaching is high at acidic pHs, making the
predominant mechanism more of homogeneous EF at pH <
4.5. The introduction of magnets to keep the immobilized
nanoparticles on the CF is chiefly responsible for the good
catalytic activity above pH 7 where the EF reaction
overwhelmingly occurs via the heterogeneous mechanism on
the surface of magnetite nanoparticles as alluded by Ganiyu
and co-authors.47 This is due to the large surface area retained
by these nanoparticles as there is minimal catalyst leaching and
falling off the CF into the solution where they are liable to
agglomeration, consequently giving rise to poor catalytic
activity. The exact surface reaction pathway at these high
pHs has been a subject of intrinsic study thus far, with no
definite consensus yet. However, most scholars agree that, like
the homogeneous EF, the reaction fits into the Haber−Weiss
circle mechanism. Furthermore, the proposed mechanism by

Figure 3. (a) Influence of different Fe2+/Fe3+ ratios in the magnetite
nanoparticle catalyst on the reaction rate constants in the
heterogeneous EF. (b) Catalyst concentration optimization for
magnetite-catalyzed EF removal of aspirin in water.
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the same authors seems to satisfy our inquisition by best
describing the phenomenon as represented by eqs 5−10.47

Fe OH e Fe OH3 2− + → −+ − +
  (5)

Fe OH H O Fe OH (H O )3
2 2

3
2 2 (s)− + ↔ −+ +

  (6)

Fe OH (H O )

Fe OH (HO ) H

3
2 2 (s)

2
2 (s)

−

→ − · +

+

+ +



 (7)

Fe OH (HO ) Fe OH HO H2
2 (s)

2
2− · → − + · ++ + +

 

(8)

Fe OH H O Fe OH OH OH2
2 2

3− + → − + · ++ + −
 

(9)

OH Organic pollutants byproducts CO H O2 2· + → → +
(10)

OH H O HO H O2 2 2 2· + → · + (11)

It is important to note that pH does not remain constant
during the degradation due to the rate of reaction fluctuations
between the anodic oxidation (which tends to lower pH by
production of H+ through water oxidation) and the Fenton
reaction producing a hydroxyl anion, which sequentially mops
away the H+ to form water, thereby countering the anodic
effect.

H O OH H e (Anodic oxidation)2 → · + ++ −
(12)

Fe e Fe (Cathodic reaction)3 2+ →+ − + (13)

Fe H O Fe OH OH (Fenton reaction)2
2 2

3+ → + · ++ + −

(14)

In addition, it has been observed that there is a formation of
carboxylic acid intermediates, which also contribute to moving
the initial pH toward acidity.
3.2.4. Voltage/Current Effect. An applied potential differ-

ence of 8.0 V was the optimal voltage for the heterogeneous EF
degradation of aspirin in wastewater using a magnetite
nanoparticle catalyst (Figure 5a). Voltage plays a pivotal role
in EF, and hence, an optimal voltage is maintained to maximize

the degradation of the target water contaminant at the lowest
possible energy consumption. There is a linear increase in
catalytic activity with increasing voltage from 6 to 8 V due to
the promotion of EF in three main ways. First, the electro-
regeneration of the Fe2+ catalyst from the cathodic reduction of
Fe3+ is actively increased at high voltage, thereby increasing the
rate of reaction. Second, anodic oxidation of water responds
positively with the increasing voltage, creating a synergy with
the improved catalyst regeneration at the cathode that
amplifies EF degradation of organic pollutants in water.
Third, the in situ electro-generation of H2O2 by the cathodic
reduction of oxygen is proportionately dependent on the
applied voltage.
However, as voltage is increased further above the optimum

(above 8 V), an increase in scavenging side reactions is
expected, thereby lowering the degradation of organic
contaminants by EF by reducing effective production of
hydroxyl radicals through the poisoning of the catalyst. In
addition, it is noted that at high voltages, there is increased
decomposition of H2O2 and the evolution of H2 gas at the
cathode. In addition, magnetite catalyst leaching is also
exacerbated at high voltages above 8.0 V, leading to reduced

Figure 4. Percentage removal of aspirin by heterogeneous EF as a
function of pH.

Figure 5. (a) Effect of voltage on the EF degradation of aspirin. (b)
Effectiveness of magnetite nanoparticle catalyst reusability in EF
removal of aspirin after 10 consecutive (cycles) for 2400 min (10
runs, 4 h each run).
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catalytic activity. Of note, the highest initial rate of reaction
(the first 30 min) is at 9 V, which slumped thereafter. The
sudden initial rise in EF activity at 9 V is accredited to a boost
in the anodic reaction, hydrogen peroxide electro-generation,
and Fe2+ catalyst electro-regeneration from the reduction of
Fe3+ due to the applied high voltage. The observed subsequent
slump in activity is owing to the significant increase in
scavenging reactions as discussed previously.
3.2.5. Catalyst Reusability Test. The stability of a catalyst is

an important parameter in catalysis because it suggests the
reusability of a catalyst over many cycles without loss of
activity. Both physical and chemical deformations are possible
on a catalyst during a reaction, which ultimately lead to the
catalyst’s loss of stability and activity. For example, chemical
fouling leads to the gradual passivation of the catalyst by
forming a thin unreactive layer, e.g., a metal oxide via
oxidation, on the surface of a metal catalyst, thereby rendering
it less active. Figure 5b shows the application of the magnetite
as a heterogeneous EF catalyst over 10 cycles. The magnetite
nanoparticles show good resilience to deformation under both
chemical and physical stress as an EF catalyst as shown by the
percentage removal of aspirin that ranges from 86.4 to 97.7%.
The stability of the magnetite can be ascribed to two factors.
First, there is reduced leaching in this EF reaction at pH 3.5
used instead of the traditionally used pH 3.0 in the
literature.30,34 Leaching is known to increase with the
increasing acidity, and it remains one of the unresolved
challenges confronting heterogeneous EF. Second, the stability
exhibited by the magnetite nanoparticles in catalyzing EF
degradation of aspirin is due to minimal agglomeration
resulting from the magnetic immobilization approach.
3.2.6. Radical Trapping Effect. To show the predominant

role of hydroxyl radicals in this heterogeneous EF system,
trapping experiments using isopropanol were carried out.
Figure 6a shows the inhibition role played by isopropanol in
the EF degradation of aspirin. A very significant percentage
degradation difference of 77.8% between the uninhibited
(positive control) and the inhibited (negative control (with
isopropanol)) is a clear demonstration that the EF reaction is a
radical-driven reaction directly fueled by the hydroxyl radicals.
The low degradation that still occurred in the presence of the
radical scavenging isopropanol can be because of the effect of
other less-significant radicals and the effect of the anodic
oxidation of aspirin.
3.2.7. Effect of Analyte Variation. To investigate the

robustness of the reported approach, we undertook to degrade
acetaminophen (commonly known as paracetamol) and an
antibiotic, ciprofloxacin, in addition to aspirin. As seen from
Figure 6b, high percentage degradations of 94.3% (aspirin),
88% (ciprofloxacin), and 80% (paracetamol) in 3 h were
obtained for all three different pharmaceuticals chosen. This
shows the effectiveness of the improvement strategy reported
toward other pharmaceutical in a mixture.
3.2.8. Effects of Magnet Bars on Magnetite Immobiliza-

tion. To demonstrate the advantages of magnet bars in
enhancing magnetite immobilization on the CF and hence the
overall heterogeneous EF degradation of aspirin, we set a
negative control (reaction without magnet bars) versus a
positive control (one with magnet bars). The differences in the
rate of reaction and overall percentage aspirin degradation
between the two is a measure of the effectiveness of magnets in
this reaction. From Figure 6c, the initial rate of reaction is seen
to be the same for the first 30 min after which the reaction

without magnets shows less activity. This observation can be
explained in terms of the leaching of the immobilized
magnetite nanoparticles from the CF support. Once leached,
these nanoparticles have high susceptibility to aggregate,
forming agglomerated clusters with less surface area as
previously explained. Furthermore, leached magnetite nano-
particles may lead to a slower EF reaction, since they take time
to reach the cathode for surface ferric ions to be reduced to the

Figure 6. (a) Effects of the use of isopropanol hydroxyl radical trap on
the EF degradation of aspirin. (b) Effect of pharmaceutical (analyte)
variation on the effectiveness of heterogeneous EF using magnetite.
(c) Effect of magnetic bars in enhancing the immobilization of
magnetite nanoparticles on the CF cathode.
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active ferrous ions by mass transfer. On the contrary, cathode-
immobilized nanoparticles are in direct contact with the
cathode and therefore are easily liable to redox reactions
needed for heterogeneous EF degradation of organics. The use
of magnet bars thus enhanced the heterogeneous EF process.

4. CONCLUSIONS
A simple novel approach to the heterogeneous EF process
using magnetite nanoparticles immobilized on a CF cathode
with the aid of magnets has been successfully demonstrated.
High aspirin percentage removal or degradation up to 100%
was achieved under optimized conditions of pH 3.5 using 15
mg/L of the magnetite nanoparticles synthesized from an
Fe2+/Fe3+ ratio of 1:4. Three different pharmaceuticals,
namely, aspirin, paracetamol, and ciprofloxacin, were degraded
in wastewater, suggesting the robustness of the approach. The
challenge of narrow pH usually experienced in homogeneous
EF was mitigated in this study as shown by the degradation of
aspirin over a wider pH range ranging from 2.0 to 12.0. Good
catalyst reusability was confirmed by using the same catalyst
for 10 cycles, proving an enhanced degree of magnetite catalyst
stability under the influence of magnetic immobilization on the
CF. This method reported thus contributes another effective
way of improving heterogeneous EF wastewater treatment.
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